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SUMMARY 
Atomic oxygen is the predominant species in low-Earth orbit between the 
altitudes of 180 and 650 km. These highly reactive atoms are a result of photo- 
dissociation of diatomic oxygen molecules from solar photons having a wavelength 
less than or equal to 2430 A .  Spacecraft in low-Earth orbit collide with atomic 
oxygen in the 3P ground state at impact energies of approximately 4.2 to 4.5 eV. 
As a consequence, organic materials previously used for high altitude geosyn- 
chronous spacecraft are severely oxidized in the low-Earth orbital environment. 
The evaluation o f  materials durability to atomic oxygen requires ground simula- 
tion of this environment to cost effectively screen materials for durability. 
Directed broad beam oxygen sources are necessary to evaluate potential space- 
Earth orbital environment. T h i s  paper presents a description of a low energy, 
broad oxygen ion beam source used to simulate the low-Earth orbital atomic oxy- 
gen environment. The results of materials interaction with this beam and com- 
parison with actual in-space tests of the same materials will be discussed. 








The effects of low-Earth orbital (LEO) atomic oxygen interaction with var- 
ious materials have been studied on space shuttle flights over the past several 
years (ref. 1 ) .  The results of these tests indicate the existence of three 
major categories of materials evaluated in LEO: ( 1 )  materials which readily 
oxidize, such as most organic polymers; (2) materials which are not readily 
oxidized or form protective oxide barriers to inhibit further oxidation, such 
as most me ta l s ;  and (3) m a t e r i a l s  which form v o l a t i l e  ox ides  a t  a slow b u t  non- 
z e r o  r a t e ,  such as f l uo ropo lymers .  Q u a n t i f i c a t i o n  o f  t h e  s u s c e p t i b i  1 i t y  o f  a 
m a t e r i a l  to a tomic  oxygen a t t a c k  i s  desc r ibed  as an e r o s i o n  y i e l d ,  which i s  t h e  
r a t i o  o f  the  volume or mass o f  m a t e r i a l  loss p e r  each i n c i d e n t  oxygen atom. 
The volume e r o s i o n  y i e l d s  o f  o v e r  60 m a t e r i a l s  eva lua ted  i n  v a r i o u s  low-Ear th 
I o r b i t a l  space exper iments a re  p resented  i n  t a b l e  I .  
such as those b e i n g  p lanned i n  c o n j u n c t i o n  w i t h  Space S t a t i o n  Freedom. Because 
o f  t h e  c o s t s  assoc ia ted  w i t h  in-space performance c h a r a c t e r i z a t i o n  o f  cand ida te  
Many f a c t o r s  may i n f l u e n c e  t h e  e r o s i o n  y i e l d  o f  m a t e r i a l s ,  such as impact  
angl  e, m a t e r i  a1 temperature,  atomi c oxygen f 1 ux,  atomi c oxygen f 1 uence , syner-  
g i s t i c  s o l a r  r a d i a t i o n ,  and a tomic  oxygen impact  energy.  Because o f  t h e  
l i m i t e d  amount o f  in-space t e s t i n g  per formed t o  da te ,  t h e  degree t o  which these 
f a c t o r s  i n f l uence  e r o s i o n  y i e l d  i s  n o t  w e l l  unders tood.  A l l  m a t e r i a l s  which 
form v o l a t i l e  ox ides  upon a tomic  oxygen bombardment have been found t o  deve lop  
a m ic roscop ic  su r face  t e x t u r e  composed o f  l e f t - s t a n d i n g  f i b r i l s  or  cones. Th is  
t e x t u r e  tends t o  have an i n f l u e n c e  on t h e  o p t i c a l  p r o p e r t i e s  o f  m a t e r i a l s ,  
caus ing  a s i g n i f i c a n t  i n c r e a s e  i n  d i f f u s e  r e f l e c t a n c e .  Table I 1  d e l i n e a t e s  t h e  
changes i n  s o l a r  absorptance and thermal  em i t tance  o f  m a t e r i a l s  exposed t o  low- 
E a r t h  o r b i t a l  a tomic oxygen. 
I Need fo r  Broad Oxygen Beam Exposure C a p a b i l i t y  
The l e a s t  expensive and most conven ien t  techn ique used for e v a l u a t i n g  the  
s u s c e p t i b i l i t y  o f  m a t e r i a l s  to  a tomic  oxygen a t t a c k  i n v o l v e s  t h e  use o f  r a d i o  
frequency oxygen plasma d i s c h a r g e r s ,  commonly c a l l e d  plasma ashers .  A s  can be 
seen i n  f i g u r e  2 ,  plasma ashers t y p i c a l l y  produce a tomic  oxygen a t  thermal  
ene rg ies  of a f r a c t i o n  o f  an e l e c t r o n v o l t .  These dev i ces ,  which a l s o  produce 
e x c i t e d  s t a t e  species as w e l l  as i o n s  and n e u t r a l  spec ies ,  a r e  t h e  most com- 
monly used dev ices  for sc reen ing  m a t e r i a l  d u r a b i l i t y  t o  a tomic  oxygen. 
A l though the  energy and p u r i t y  o f  spec ies  a r e  n o t  o p t i m a l ,  m a t e r i a l s  which a r e  
o x i d i z e d  by a tomic  oxygen i n  plasma ashers have g e n e r a l l y  been found  t o  ox i -  
d i z e  i n  low-Ear th o r b i t ,  and m a t e r i a l s  which have demonstrated a tomic  oxygen 
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d u r a b i l i t y  i n  plasma ashers have been found t o  be du rab le  i n  low-Ear th o r b i t  
However, t h e r e  a re  c o m p l i c a t i o n s  assoc ia ted  w i t h  u s i n g  e r o s i o n  y i e l d  r e s u l t s  
from plasma ashers t o  p r e d i c t  performance i n  space. The r e l a t i v e  r a n k i n g  of 
e r o s i o n  r a t e s  o f  a wide v a r i e t y  o f  m a t e r i a l s  f r o m  asher  d a t a  f r e q u e n t l y  does 
n o t  p rove  t o  be r e l i a b l e  for p r e d i c t i n g  in-space r e s u l t s .  
Some m a t e r i a l s  o f  mixed o r g a n i c  and i n o r g a n i c  compos i t i on  i n d i c a t e  modes 
o f  o x i d a t i v e  f a i l u r e  i n  plasma asher t e s t i n g  which may n o t  occur  i n  space. 
F i g u r e  3 shows a scanning e l e c t r o n  photomicrograph o f  a g raph i te -epoxy  compos- 
i t e  sample which was coated  w i t h  a m i c a - f i l l e d  p a i n t  and then exposed t o  atomic 
oxygen i n  an RF plasma asher ( r e f .  3). A f t e r  exposure, m ic roscop ic  f l a k e s  of 
mica comp le te l y  covered t h e  e n t i r e  exposed s u r f a c e  o f  t h e  sample, w i t h  no p a i n t  
v e h i c l e  rema in ing .  When the  f l a k e s  w e r e  removed, i t  was q u i t e  apparent  t h a t  
a tomic oxygen had o x i d i z e d  t h e  graph i te -epoxy  s u r f a c e  i n  s p i t e  o f  t h e  p h y s i c a l  
appearance o f  a p r o t e c t i v e  l a y e r .  Th i s  o x i d a t i o n  may have been produced by RF 
e x i t a t i o n  o f  gas t rapped i n  vo ids  underneath the  p r o t e c t i v e  c o v e r i n g  o r  perhaps 
by s c a t t e r i n g  o f  atomic oxygen which impacted t h e  p r o t e c t i v e  s u r f a c e  from a l l  
d i r e c t i o n s  r a t h e r  than u n i d i r e c t i o n a l l y .  
F i g u r e  4 shows a photograph o f  f i b e r g l a s s - e p o x y  composi t e  samples be fore  
and a f t e r  exposure t o  atomic oxygen i n  an RF plasma asher  ( r e f .  4 ) .  When ox i -  
d a t i o n  o f  t h e  epoxy occu rs ,  t he  f r i a b l e  g lass  f i b e r s  f r e e  themselves from 
at tachment  t o  t h e  u n d e r l y i n g  b u l k  m a t e r i a l .  Th i s  process would be expected t o  
slowly t e r m i n a t e  because o f  t he  g l a s s  f i b e r s  e v e n t u a l l y  s h i e l d i n g  the  under- 
l y i n g  epoxy from atomic oxygen a t t a c k .  However, as can be seen i n  f i g u r e  5 ,  
a l t h o u g h  t h e  r a t e  o f  mass l o s s  i s  reduced when t h e  f i b e r s  a re  exposed a t  an 
e q u i v a l e n t  f l u e n c e  based on Kapton o f  app rox ima te l y  2 x 1 O Z 1  atoms/cm2, no f u r -  
t h e r  ev idence o f  s e l f - s h i e l d i n g  or p r o t e c t i o n  occu rs ,  and t h e  mass loss per  
u n i t  a rea  con t inues  w i t h o u t  any r e d u c t i o n  i n  r a t e .  Somehow, i n  t h e  RF plasma 
asher ,  a tomic  oxygen i s  p r e s e n t i n g  i t s e l f  to  t h e  u n d e r l y i n g  epoxy w i t h o u t  
i n c r e a s i n g  o b s t r u c t i o n  from t h e  o v e r l y i n g  g l a s s  f i b e r  l a y e r .  I n  space, t he  
d i r e c t e d  a tomic  oxygen would be expected t o  g r a d u a l l y  be prevented  from a t t a c k -  
i n g  t h e  u n d e r l y i n g  epoxy. Th is  may n o t  occur  i n  RF plasma ashers if e x i t a t i o n  
o f  t he  v o i d s  between t h e  g l a s s  f i b e r s  occu rs  such t h a t  exposed g l a s s  f i b e r s  do 
n o t  c o n t r i b u t e  to  the  p r o t e c t i o n  o f  t h e  u n d e r l y i n g  epoxy. 
Many h i g h  performance m a t e r i a l s  be ing  cons ide red  f o r  use i n  t h e  low-Ear th  
o r b i t a l  env i ronment ,  such as g raph i  te-epoxy or p o l y i m i d e  Kapton, w i  1 1  r e q u i r e  
a tomic  oxygen p r o t e c t i v e  c o a t i n g s .  The f u n c t i o n a l  l i f e  o f  these p r o t e c t i v e  
c o a t i n g s  depends, t o  a l a r g e  degree, upon a tomic  oxygen i n t e r a c t i o n  a t  s i t e s  of 
de fec ts  i n  t h e  c o a t i n g s .  I n  space, a tomic  oxygen w i l l  a t t a c k  the  o x i d i z a b l e  
o r g a n i c  m a t e r i a l  beneath a d e f e c t ,  b u t  t h e  degree o f  u n d e r c u t t i n g  may be sub- 
s t a n t i a l l y  reduced from t h a t  o b t a i n e d  i n  RF plasma ashers because o f  h i g h e r  
energy and more d i r e c t e d  a r r i v a l ,  as i l l u s t r a t e d  i n  f i g u r e  6 .  L a t e r  i n  t h i s  
paper ,  i t  w i l l  be shown t h a t  a tomic  oxygen has a h i g h e r  p r o b a b i l i t y  o f  i n t e r -  
a c t i n g  i f  i t  has h i g h e r  impact  energy.  The lower energy atomic oxygen i n  
plasma ashers a r r i v e s  a t  a l l  ang les ,  i n v i t i n g  u n d e r c u t t i n g ,  and has a h i g h e r  
p r o b a b i l i t y  of s c a t t e r i n g  and reduced p r o b a b i l i t y  o f  i n t e r a c t i n g  on f i r s t  
impact ,  which may c o n t r i b u t e  t o  u n d e r c u t t i n g .  
Because p r o t e c t i v e  c o a t i n g s  fo r  o r g a n i c  m a t e r i a l s  must be e v a l u a t e d  for 
d u r a b i l i t y  i n  ground s i m u l a t i o n  systems, i t  i s  e s s e n t i a l  t h a t  d i r e c t e d  oxygen 
beam systems be f r e e  from these types  of  f l a w s ,  which may cause one t o  a r r i v e  
a t  i n c o r r e c t  conc lus ions  about  t h e  modes o f  f a i l u r e  and l i f e t i m e  o f  m a t e r i a l s  
i n  low-Ear th o r b i t .  I t  i s  a l s o  d e s i r a b l e  f o r  a d i r e c t e d  oxygen beam system t o  
have a beam area o f  an adequate s i z e  t o  p e r f o r m  o p t i c a l  and mechanical  func-  
t i o n a l  performance e v a l u a t i o n  o f  cand ida te  m a t e r i a l s  ( t y p i c a l l y  severa l  c e n t i -  
I 
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meters  i n  d iameter ) .  
I o n  Versus N e u t r a l  Atom Cons ide ra t i ons  
The low-Earth o r b i t a l  a tom ic  oxygen s i m u l a t i o n  techn ique desc r ibed  i n  t h i s  
paper u t i l i z e s  an oxygen i o n  beam t o  s i m u l a t e  t h e  e f f e c t s  o f  n e u t r a l  a tomic  
oxygen. An u n n e u t r a l i z e d  i o n  beam impac t ing  an i n s u l a t i n g  su r face  w i l l  q u i c k l y  
charge t h e  su r face  t o  a h i g h  p o s i t i v e  p o t e n t i a l ,  thus  p r e v e n t i n g  the  a r r i v a l  o f  
a d d i t i o n a l  i ons  un less  t h a t  i o n  beam i s  space charge n e u t r a l i z e d .  The i o n  beam 
system desc r ibed  i n  t h i s  paper i s  space charge n e u t r a l i z e d  by means o f  an e l e c -  
t r o n  e m i t t i n g  f i l a m e n t .  
c i a t e  w i t h  each i o n ,  t hey  do m a i n t a i n  space charge n e u t r a l i t y  and a r e  a v a i l a b l e  
t o  p r e v e n t  su r face  cha rg ing  o f  i n s u l a t o r s .  
A l though  t h e  e l e c t r o n s  do not m i c r o s c o p i c a l l y  reasso-  
When ions  impact  a s u r f a c e ,  an e l e c t r o n  image charge i s  p resen t  on t h a t  
su r face  as the  i o n  approaches impact .  Pr ior  t o  impact ,  t h e  h i g h  e l e c t r i c  
f i e l d s  assoc ia ted  w i t h  the  i o n - e l e c t r o n  image p a i r  cause t h e  e l e c t r o n  t o  be 
e x t r a c t e d  from t h e  s u r f a c e  and n e u t r a l i z e  t h e  incoming i o n  ( r e f .  5 ) .  Al though 
t h e  oxygen i o n  now impacts  t h e  s u r f a c e  as a n e u t r a l  atom, t h e r e  a r e  two i ssues  
wh ich  may play  a r o l e  i n  t h e  impact  c h e m i s t r y  wh ich  o c c u r s .  The incoming atom 
may be e x c i t e d  by g a i n i n g  energy i n  t h e  n e u t r a l i z a t i o n  process equal  t o  the  
i o n i z a t i o n  energy.  A l so ,  s ince  t h e  s u r f a c e  has l o s t  an e l e c t r o n ,  t h i s  l o c a l  
charge may c o n t r i b u t e  t o  chemical  decompos i t ion  processes i n  some m a t e r i a l s .  
OXYGEN ION BEAM SYSTEM 
Vacuum Fac i  1 i ty  
The oxygen i o n  beam system i s  ope ra ted  i n  a vacuum f a c i l i t y  which i s  71 c m  
i n  d iameter  and 171 c m  l ong .  The vacuum f a c i l i t y  shown i n  f i g u r e  7 i s  pumped 
by a p e r f l u o r i n a t e d  e t h e r  (Fombl in )  d i f f u s i o n  pump o i l  and rough ing  pump o i l .  
F i g u r e  8 shows a schematic o f  t h e  i o n  beam vacuum system. 
i s  capable o f  m a i n t a i n i n g  a p ressu re  o f  10-4 t o r r  d u r i n g  ion beam source opera-  
t i o n  w i t h  an i n p u t  source gas flow o f  20 s tandard  c u b i c  cen t ime te rs /m inu te  o f  
oxygen. 
The vacuum f a c i l i t y  
I o n  Source 
To o b t a i n  an adequate f l u x  of i o n s  a t  low energ ies ,  i t  was necessary t o  
u t i l i z e  a g r i d l e s s  (end H a l l )  ion source ( r e f .  6). The i o n  source uses a s i n -  
g l e  t h e r m i o n i c  cathode as an e l e c t r o n  e m i t t e r  to  i o n i z e  oxygen gas molecu les .  
The cathode i s  a source o f  e l e c t r o n s  f o r  space charge n e u t r a l i z a t i o n  as w e l l .  
A plasma i s  formed i n  t h e  presence o f  an a x i a l l y  d i v e r g i n g  magnet ic  f i e l d ,  and 
0; and 0' i ons  a r e  formed and a c c e l e r a t e d  t o  t h e  o r d e r  o f  tens  of e l e c t r o n -  
v o l t s  and a l l owed  to  impinge on samples l o c a t e d  downstream o f  t h e  i o n  source.  
F i g u r e  9 shows a schemat ic  of t h e  g r i d l e s s  i o n  source.  To m a i n t a i n  acceptab le  
sample temperatures a t  h i g h  i o n  f l u x e s ,  i t  was found  t o  be necessary t o  s h i e l d  
r a d i a n t  energy o f  t h e  cathode from i l l u m i n a t i n g  samples p l a c e d  downstream o f  
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t he  i o n  source. Use o f  t h e  cathode f i l a m e n t  r a d i a t i o n  s h i e l d  reduces the  
sample temperature w h i l e  s t i l l  a l l o w i n g  exposure o f  samples up t o  10 cm i n  
d iamete r .  Th i s  a rea  i s  l a r g e  enough t o  pe r fo rm thermal  em i t tance ,  s o l a r  
absorptance,  and mechanical  c h a r a c t e r i z a t i o n  o f  m a t e r i a l s  exposed t o  the  
d i r e c t e d  oxygen beam. F i g u r e  10 shows photographs o f  t h e  i o n  source r e l a t i v e  
t o  the  sample h o l d e r  p l a t e ,  which c o n t a i n s  a c u r r e n t  d e n s i t y  probe and a q u a r t z  
c r y s t a l  m ic roba lance.  The sample h o l d e r  p l a t e  i s  water  coo led  t o  m a i n t a i n  
accep tab le  sample temperatures f o r  hea t  s e n s i t i v e  po l ymer i c  samples. F i g u r e  1 1  
shows t h e  dependence o f  i o n  energy as a f u n c t i o n  o f  a p p l i e d  d i scha rge  v o l t a g e  
i n  t h e  i o n  source ( r e f .  6 ) .  The g r i d l e s s  i o n  source produces a d i v e r g e n t  i o n  
beam as can be seen i n  t h e  c u r r e n t  d e n s i t y  p r o f i l e s  a t  v a r i o u s  l o c a t i o n s  down- 
s t ream shown i n  f i g u r e  12. Each m i l l i a m p  p e r  square c e n t i m e t e r  o f  oxygen i o n  
beam a r r i v a l  c u r r e n t  d e n s i t y  r e p r e s e n t s  between 6 . 2 5 ~ 1 0 1 5  and 1 . 2 5 ~ 1 0 1 6  oxygen 
atoms/square cen t ime te r ,  depending on the  r a t i o  o f  0' t o  0; i n  t h e  i o n  beam. 
RESULTS AND DISCUSSION 
C u r r e n t  D e n s i t y  
Measured c u r r e n t  d e n s i t i e s  as a f u n c t i o n  o f  anode p o t e n t i a l ,  oxygen f low 
r a t e ,  and a x i a l  d i s t a n c e  downstream o f  the  i o n  source a r e  shown i n  f i g -  
u res  13(a) ,  ( b ) ,  and ( c ) ,  r e s p e c t i v e l y .  A s  can be seen i n  f i g u r e  13 (c ) ,  f o r  
sample t a r g e t  l o c a t i o n s  59 cm downstream o f  t h e  i o n  source,  i o n  c u r r e n t  dens i -  
t i e s  o f  0.16 mA/cm2 a r e  t y p i c a l l y  ach ieved.  
f l u x  o f  l x1015  atoms/cm2/sec, assuming t h e  beam i s  100 p e r c e n t  O+; or 
Z x l O 1 '  atoms/cm /sec ,  assuming t h e  oxygen i o n  beam i s  100 p e r c e n t  0;. 
A l though c h a r a c t e r i z a t i o n  o f  monatomic t o  d i a t o m i c  oxygen i o n  c o n t e n t  i s  
p lanned a t  the  p r e s e n t  t ime,  w i t h o u t  t h i s  i n f o r m a t i o n ,  t h e  oxygen f l u x  can o n l y  
be s p e c i f i e d  t o  w i t h i n  a f a c t o r  of  2. 
Th is  r e p r e s e n t s  an a tomic  oxygen 
2 
Targe t  Temperatures 
Use of a r a d i a t i o n  s h i e l d  downstream o f  t h e  cathode f i l a m e n t  reduced sam- 
p l e  temperatures from g r e a t e r  than 204 " C  to  l e s s  than 41 " C  a t  sample t o  i o n  
source d i s tances  o f  20 cm, based on read ings  o b t a i n e d  from tempera ture  sens ing  
i n d i c a t o r  s t r i p s  p laced  on samples l o c a t e d  downstream of t h e  i o n  source .  
E ros ion  Y i e l d s  o f  M a t e r i a l s  
The e r o s i o n  y i e l d s  o f  f i v e  m a t e r i a l s  s e l e c t e d  f o r  t h e  NASA Atomic Oxygen 
E f f e c t s  Tes t  Program were e v a l u a t e d a i n  t h i s  i o n  beam f a c i l i t y .  These m a t e r i a l s  
i n c l u d e  Kapton HN p o l y i m i d e ,  low oxygen c o n t e n t  p o l y e t h y l e n e ,  FEP T e f l o n ,  pyro-  
l y t i c  g r a p h i t e ,  and h i g h l y  o r i e n t e d  p y r o l y t i c  g r a p h i t e  ( r e f .  2 ) .  Tab le  IV com- 
pares t h e  e r o s i o n  y i e l d s  o f  these m a t e r i a l s  w i t h  s i m i l a r  m a t e r i a l s  t e s t e d  i n  
space. A s  can be seen i n  t a b l e  I V ,  e r o s i o n  y i e l d s  r e s u l t i n g  from t h e  i o n  beam 
t e s t s  a r e  s i g n i f i c a n t l y  h i g h e r  than  those observed from in-space t e s t i n g .  T h i s  
i s  n o t  s u r p r i s i n g ,  because t h e  energy o f  t h e  oxygen i o n s  i s  an o r d e r  o f  magni- 
tude h i g h e r  than the  energy o f  a tomic  oxygen i n  low-ear th  o r b i t .  F i g u r e  14 
shows a p l o t  o f  the  e r o s i o n  y i e l d  o f  p o l y i m i d e  Kapton as a f u n c t i o n  o f  oxygen 
i o n  or atom energy ( r e f .  7). A wide range o f  oxygen i o n  or  atom e n e r g i e s  i s  
shown on t h i s  p l o t ,  i n c l u d i n g  d a t a  from the  f a c i l i t y  d e s c r i b e d  i n  t h i s  paper .  
5 
Over a l a r g e  range o f  energy,  t h e  e r o s i o n  y i e l d  appears t o  depend on t h e  0.68 
power o f  the  oxygen atom or i o n  energy ( r e f .  7). Based on t h i s  e r o s i o n  y i e l d  
versus energy dependence, t h e  ground l a b o r a t o r y  oxygen i o n  beam da ta  fo r  Kapton 
HN presented  i n  t a b l e  I V  would be expected t o  produce an e r o s i o n  y i e l d  o f  
cm3 per atom, o r  a f a c t o r  o f  4.7 h i g h e r  e r o s i o n  y i e l d ,  because the  oxy-  
gen ions had an energy o f  41 e V  r a t h e r  than 4.2 t o  4.5 eV,  which occurs  i n  low- 
E a r t h  o r b i t .  I t  i s  a l s o  i n t e r e s t i n g  t o  no te  t h a t ,  a l t hough  the  e r o s i o n  y i e l d s  
o f  po l ye thy lene  and g r a p h i t e  a l s o  appear t o  be i nc reased  by an o r d e r  o f  magni- 
tude as a r e s u l t  o f  t h i s  h i g h e r  energy,  t h e  e r o s i o n  y i e l d  o f  FEP T e f l o n  was 
increased by 103. Th is  may be a consequence o f  t h e  i n d i v i d u a l  m a t e r i a l s '  e ro-  
s i o n  y i e l d  dependence upon energy;  or i t  may be a r e s u l t  o f  d i f f e r e n c e s  between 
ground l a b o r a t o r y  i o n  exposure and in-space exposure,  such as s y n e r g i s t i c  UV 
exposure e f fec ts  or phenomena assoc ia ted  w i t h  t h e  i o n  beam as opposed t o  a neu- 
t r a l  atom beam. F i g u r e  15 shows a photograph o f  these f i v e  m a t e r i a l s  b e f o r e  
and a f t e r  i o n  beam exposure t o  a f l u e n c e  o f  7 ~ 1 0 ~ 8  t o  1 . 5 ~ 1 0 ~ ~  atoms/cm2. F i g -  
u r e  1 6  shows the  t y p i c a l  i n c r e a s e  i n  d i f f u s e  r e f l e c t a n c e  of p o l y i m i d e  Kapton 
exposed t o  t h e  oxygen i o n  beam. 
photomicrographs o f  t h e  s u r f a c e  o f  samples o f  p o l y i m i d e  Kapton HN and p y r o l y t i c  
g r a p h i t e  exposed to an oxygen beam a t  a f l u e n c e  o f  3 ~ 1 0 ~ 9  t o  6 ~ 1 0 ' ~  and
8x10 I9  t o  1 .6x1O20 atoms/cm2, r e s p e c t i v e l y .  
t u r e s  appear s i m i l a r  t o  those which have been observed i n  space. 
F igu res  17(a)  and ( b )  show scanning e l e c t r o n  
These m ic roscop ic  s u r f a c e  s t r u c -  
Chemical React ions  versus P h y s i c a l  S p u t t e r i n g  
A s  t h e  energy o f  oxygen atoms or i o n s  i s  inc reased f r o m  t h e  thermal  ener-  
g i e s  o f  an asher to the  h i g h  energ ies  of  seve ra l  hundred e l e c t r o n v o l t  i o n s ,  t h e  
mechanisms fo r  removal o f  t a r g e t  m a t e r i a l s  may change from d i r e c t e d  chemical  
o x i d a t i o n  and v o l a t i l i z a t i o n  t o  p h y s i c a l  s p u t t e r i n g .  A l though  the  s p u t t e r i n g  
t h r e s h o l d  o f  m o s t  m a t e r i a l s  i s  o f  t h e  o r d e r  o f  tens  o f  e l e c t r o n v o l t s ,  p h y s i c a l  
s p u t t e r i n g  o f  oxygen does n o t  appear t o  be a dominant s u r f a c e  r e c e s s i o n  mechan 
ism u n t i l  one achieves energ ies  on t h e  o r d e r  o f  100 eV. F i g u r e  18 shows t h e  
s p u t t e r  y i e l d  f o r  oxygen i o n s  on n i c k e l  as a f u n c t i o n  o f  energy ( r e f .  8). The 
oxygen i o n  energy i n  low-Ear th  o r b i t a l  s i m u l a t i o n  s y s t e m s  must be s u f f i c i e n t l y  
low so t h a t  p h y s i c a l  s p u t t e r i n g  o f  t h i n  f i l m  a tomic  oxygen p r o t e c t i v e  c o a t i n g s  
occurs  a t  a ve ry  slow r a t e .  Chemical a tomic  oxygen a t t a c k  r a t h e r  than p h y s i c a  
s p u t t e r i n g  must be t h e  dominant deg rada t ion  mechanism t o  p r o p e r l y  assess mate- 
r i a l s  d u r a b i l i t y  i n  low-Ear th o r b i t .  
SUMMARY OF RESULTS 
A l though numerous m a t e r i a l s  have been e v a l u a t e d  i n  space, schemes for pro -  
t e c t i o n  o f  m a t e r i a l s  which m igh t  o x i d i z e  i n  space have n o t  been f u l l y  demon- 
s t r a t e d  i n  space and must be eva lua ted  i n  ground-based l a b o r a t o r y  t e s t s  p r i o r  
to c o n s i d e r a t i o n  for in-space t e s t i n g .  An oxygen i o n  beam can be used t o  simu- 
l a t e  the  e f f e c t s  o f  low-Ear th o r b i t a l  a tomic  oxygen a t t a c k  on m a t e r i a l s .  The 
r e a c t i v i t y  o f  the  oxygen i o n  beam appears to  be h i g h e r  than t h a t  observed i n  
space. Th is  may be p a r t i a l l y  due to  the  h i g h e r  energy which c o n t r i b u t e s  t o  t h e  
r e a c t i v i t y .  The m ic roscop ic  s u r f a c e  t e x t u r e s  produced by oxygen i o n  beam simu- 
l a t i o n  appear t o  c l o s e l y  r e p l i c a t e  those observed i n  space. Use o f  a g r i d l e s s  
i o n  source i n  c o n j u n c t i o n  w i t h  a cathode f i l a m e n t  r a d i a t i o n  s h i e l d  a l l o w s  t h e  
exposure o f  heat  s e n s i t i v e  po l ymer i c  m a t e r i a l s  w i t h o u t  thermal  decompos i t ion  
problems. 
exposure o p t i c a l  and mechanical c h a r a c t e r i z a t i o n  o f  m a t e r i a l s  t o  be per fo rmed.  
Samples up to 10 cm i n  d iameter  can be exposed, a l l o w i n g  pos t -  
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. 
The oxygen i o n  e n e r g i e s  appear t o  be s u f f i c i e n t l y  low so t h a t  chemica l  r e a c t i o n  
and n o t  p h y s i c a l  s p u t t e r i n g  i s  t h e  dominant mechanism o f  m a t e r i a l  remova l .  
1 .  
2 .  
3 .  
4 .  
5 .  
6 .  
7 .  
8 .  
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TABLE I .  - EROSION YIELDS OF VARIOUS MATERIALS EXPOSED TO 
ATOMIC OXYGEN I N  LOW-EARTH ORBIT 
M a t e r i a l  
Aluminum (150  A )  
A1 umi num-coated Kapton 
A1 umi num-coated Kapton 
A1203 (700 A )  on Kapton H 
Apiezon grease 2 mm 
Aquadag E ( g r a p h i t e  i n  an 
aqueous b i n d e r )  
Carbon 
Carbon ( v a r i o u s  forms)  
Carbon/Kapton 100XAC37 
401-C10 ( f l a t  b l a c k )  
Chromium (123 A )  
Chromium ( 1 2 5  A )  on 
Kapton H 
Copper ( b u l k )  
Copper ( l o a 0  A )  on 
sapphi r e  
Copper (1000 A )  
D i  amond 
E l e c t r o d a g  402 ( s i l v e r  i n  
a s i  1 i cone b i n d e r )  
E l e c t r o d a g  106 ( g r a p h i t e  
i n  an epoxy b i n d e r )  
F1 uo ropo l  ymers : 
FEP Kapton 
Kapton F 
T e f l o n ,  FEP 
T e f l o n ,  FEP 
Te f lon ,  TFE 
T e f l o n ,  FEP and TFE 
T e f l o n ,  FEP and TFE 
T e f l o n  
T e f l o n  
T e f l o n  
T e f l o n  
Gold ( b u l k )  
Go1 d 
2O3 
E P O X Y  




HOS-875 ( b a r e  and p reox )  
Ind ium T i n  o x i d e  
Ind ium T i n  ox ide/Kapton 
( a1 umi n i zed ) 








My1 a r  
My1 a r  
My1 a r  
My1 a r  
Mylar  A 
Mylar  A 
Mylar  A 
Yy la r  0 
Yv la r  D 
u o r i d e  on 
1000 a) 
1000 a)  
Y i l a r  w i t h  A n t i o x  
E ros ion  y i e l d ,  
x 10-24 cm31atom 
0 . 0  
.01 




1 . 2 3  
1 .2  
9 t o  1.7 
1 .5  
.30 
.006 
P a r t  i a1 1 y eroded 





1 . 1 7  





< . 0 5  
0.0 and 0 .2  
.1  




0 .0  
Appears r e s i s t a n t  
2.1 
2 . 6  
0 .0  




0 .0  




0 .0  
3 . 4  
2.3 
3 . 9  
1.5 t o  3.9 
3 .7  
3 . 4  
3 . 6  
3 .0  
2 . 9  









7 ,  1 ,  8 ,  9 
10 
1 1  
12 
14 
15 ,  16 
17  
15,  16 
14 
1 7  
6 
6 





1 0 ,  6 











1 ,  26 
15 ,  16 
2 
17 
1 ,  26 
1 ,  26 
15,  16 
4 
15, 16 
1 ,  26 
10 
15,  19 
15,  19 ,  9 
15 
18 






TABLE I .  - Cont inued. 
I M a t e r i a l  
Nichrome (100 A )  
N i c k e l  f i l m  
Ni  c k e l  
Niobium f i l m  
Osmi um 
Osmi urn 
Osmi um ( bu l  k )  
Pary lene,  2 .5  mm 
P1 a t i  num 
P1 a t  i num 
P la t i num f i l m  
Po lybenz imidazo le  
Po lycarbonate  
Po lycarbonate  r e s i n  
P o l y e s t e r  - 7% Poly- 
P o l y e s t e r  
P o l y e s t e r  w i t h  A n t i o x  
P o l y e s t e r  (Pen-2.6) 
Po lye thy lene  
Po lye thy lene  
Pol y im ides :  
s i lane/93% Po ly im ide  












Kapton ( b l a c k )  
Kapton ( T V  b l a n k e t )  
Kapton (TV b l a n k e t )  
Kapton (OSS - 1 
Kapton (OSS - 1 
Kapton H 
b l  an k e t )  












Pol ymethy lmethacry l  a t e  
7% Pol ys i 1 ane/93% 
Pol y im i  de 
25% Pol y s i  l oxane ,  75% 
Pol y im ide  
25% P o l  y s i  1 oxane 
Po lys ty rene-  
Po ly im ide  
Pol  y s u l  fone 
P o l y v i n y l i d e n e  f l u o r i d e  
Pyrone: PMDA-DAB 
Eros ion  y i e l d ,  
















H e a v i l y  a t t a c k e d  
























1.5 t o  2.8 
2.0 
3.1 
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Mater i a1 
S-13-GLO, w h i t e  
S i02  (650 A )  on Kapton H 
S i 0  (650 A )  w i t h  <4% 
SiOx/Kapton ( a l u m i n i z e d )  
S i l i c o n e s :  
DC1-2755-coated Kapton 
DC1-2775-coated Kapton 
Grease 60 mm 
RTV-615 ( b l a c k ,  
conduc t i ve )  











S i l oxane  p o l y i m i d e  
S i  1 oxane p o l  y i  m i  de 
S i l v e r  
Tanta l  um 
Tedl a r  
Ted la r  ( c l e a r )  
Tedl a r  ( c l e a r )  
Ted la r  ( w h i t e )  
Ted la r  ( w h i t e  
TiO2, (1000 A )  
Trophet 30 (ba re  and 
preox)  
Tungsten 
Tungsten c a r b i d e  
2302 ( g l o s s y  b l a c k )  
YE-71 (ZOT) 
- Concluded. 










I n t a c t  b u t  











Appears res: s t a n t  
3.2 
1.3 and 3 .2  
3.2 



































1 ,  26 





TABLE 11. - EFFECT OF LEO ATOMIC OXYGEN ON O P T I C A L  P R O P E R T I E S  OF MATERIALS 
M a t e r i a l  I
Ag/FEP 
A1 /A1 203 
A1 MgF2 
2O3 
A1 203/A1 (He) 
A1 203/A1( Le) 
A1 umi n i  zed FEP T e f l  on, 
A1 Kapton 
A1 Kapton 
A1 umi n i  zed Kapton, second 
su r face  m i r r o r ,  uncoated 
(0.052 mm t h i c k )  
A1 umi num ( 150 A )  
A1 umi num (chromic a c i d  
ox i d i zed) 
B1 ack , carbon-f i 11 ed PTEE 
impregnated f i b e r g l a s s  
(0.127 mm t h i c k )  
B lack  C r  on C r  on Mo 
B lack  I r  on Mo 
B lack  Rh on Mo (ma t te )  
B lack  Rh on Mo ( s p e c u l a r )  
B o s t i c  463-14 
Chemgl aze A276 
Chemglaze A276 ( w h i t e )  
Chemgl aze 2004 
Chemgl aze 2302 ( g l o s s y  , 
Chromium (123 E)  
FEP T e f l o n  w i t h  s i l v e r  
second s u r f a c e  m i  r r o r  
(0.025 mm t h i c k )  
(w/modi f i e r s )  
b l a c k )  
undercoat  
GSFC (g reen)  
Ind ium t i n  o x i d e  coated 
G E - P D - 2 2 4 
Kapton H w i t h  a lum in i zed  
back ing  
Kapton ( s p u t t e r e d )  
Kapton (vacuum 
deposi t e d )  
I r  f o i l  on A 1  
KAT g l a s s  
I T 0  r i n g  
I T 0  ( S )  Sheldahl ,  b l a c k /  
IT0 ( V D )  Sheldahl ,  b l a c k /  
~ 
Change i n  o p t i c a l  p r o p e r t i e s  due t o  
atomic oxygen 
S o l a r  
absorptance 






































Kapton w i  t h  a1 umi n i  zed 
Kapton H ( a l u m i n i z e d )  
Mo ( p o l i s h e d )  
N i c k e l  
N i  /S i02 
Polyurethane A-276 
Polyurethane A276 g lossy  
w h i t e  
Polyurethane A276 w i t h  
0.5 t o  1 m i l  01650 over-  
coat  
back ing  











































1 1  
TABLE 11. - Concluded. 
~ SiO; r i n g  
S i  11 ca te  MS-74 
S13 - GLO 
Si07 (650 A on Kapton H )  
S i l i c o n e  ( b l a c k ,  
conduc t i ve )  
S i l i c o n e  RTV-602/2302 
S i  1 i cone RTV-650+Ti 02 
S i l i c o n e  RTV-670 
S i l i c o n e  S1023 
S i l oxane  coa t ing ,  RTV 602/ 
on a1 umi n i  zed Kapton, 
second su r face  m i  r r o r  
s u b s t r a t e  (0.008 mm 
t h i c k  c o a t i n g )  (0 .052 mm 
t h i c k  Kapton) 
T i  / " t i o d i  zed" a l l o y  
1 i /"t i odi  zed" CP 
Urethane ( b l a c k ,  
conduc t i ve )  
Urethane i n h i b  A-276 
YE-7 1 
2302 glossy  b l a c k  
2302 w i t h  MN41-1104-0 
ove rcoa t  
2302 w i t h  01 651 ove rcoa t  
2302 w i th  01 650 ove rcoa t  
2302 wi th  RTV-602 ove rcoa t  
2302 w i t h  RTV-670 ove rcoa t  
2306 
2306 ( f l a t  b l a c k )  
2853, g lossy  y e l l o w  w i t h  
MN41-1104-0 ove rcoa t  
2853, y e l l o w  
401 - C10 f l a t  b l a c k  
Change i n  o p t i c a l  p r o p e r t i e s  due t o  
a tomic oxygen 






















































CCon t ras t  i n  d i f f e r e n t  s p e c t r a  between STS-8 and c o n t r o l .  
dAging e f f e c t s  s i m i l a r  i n  STS-8 and c o n t r o l .  
P o s s i b l e  a g i n g  
e f f e c t s  on c o n t r o l s .  
No exposure e f f e c t .  
I 12 
TABLE 111. - ATOMIC OXYGEN TEST FACILITIES 
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Organi z a t  i on 
Alabama, U n i v e r s i t y  o f  
Auburn U n i v e r s i t y  
Auburn U n i v e r s i t y  
Boeing Aerospace Co. 
Case Western Reserve 
U n i v e r s i t y  
David Sarno f f  Research 
Center  
General E l e c t r i c  - 
Space D i  v i  s i  on 
J e t  P r o p u l s i o n  Lab 
J e t  P r o p u l s i o n  Lab 
Lockheed Pa lo  A1 t o  
Research 
Los Alamos N a t i o n a l  
Lab0 r a  t o r y  
M a r t i n  M a r i e t t a  
Denver Aerospace 
McDonnel1 Doug1 as 
A s t r o n a u t i c s  Co. 
NASA - Ames Research 
Center  
NASA - Ames Research 
Center  
NASA - Ames Research 
Center  
NASA - Johnson Space 
Center  
NASA - Johnson Space 
Center  
NASA - Langley 
Research Center  
VASA - Langley 
Research Center  
VASA - Lewis Research 
Center  
JASA - Lewis Research 
Center  
JASA - Lewis Research 
Center  
JASA - Marsha l l  Space 
F1 i g h t  Center  
lebraska, U n i v e r s i t y  
' h y s i c a l  Sciences, 
o f  L i  n c o l  n 
I n c .  
L o c a t i o n  
H u n t s v i l l e ,  AL 
Auburn, AL 
Auburn, AL 
S e a t t l e ,  WA 
C1 eve l  and, OH 
P r i n c e t o n ,  NJ 
P h i l a d e l p h i a ,  PA 
Pasadena, CA 
Pasadena, CA 
Pa lo  A l t o ,  CA 
Los Alamos, NM 
Denver. CO 
H u n t i n g t o n  Beach, 
M o f f e t t  F i e l d ,  CA 
M o f f e t t  F i e l d ,  CA 





C 1  eve l  and, OH 
CA 
C1 eve l  and, OH 
C1 eve l  and, OH 
MSFC, AL 
L i n c o l n ,  NE 
h d o v e r ,  MA 
F a c i l  i t y  d e s c r i p t i o n  
Thermal A/O source 
RF plasma e x c i t e d  N i s  r e a c t e d  w i t h  
NO gas t o  produce thermal ground 
s t a t e  A/O 
R F  plasma asher  
Low f requency RF plasma: samples 
l o c a t e d  downstream f rom g low 
V a r i a b l e  energy i o n  gun 
S i n g l e  g r i d ,  l o w  energy i o n  source 
S i n g l e  g r i d  i o n  source w i t h  charge 
Format ion o f  0- by d i s s o c i a t i v e  
exchange 
at tachment .  E l e c t r o s t a t i c  a c c e l e r -  
a t i o n  o f  i o n s  t o  f i n a l  energy, t hen  
photodetachment o f  e l e c t r o n s  f rom 
i o n s  w i t h  a l a s e r  
Pulsed 1 a s e r  induced breakdown f o l -  
lowed by expansion th rough  a n o z z l e  
RF plasma asher  
Cont inuous l a s e r  heated d i scha rge  
I o n  gun; magnet f o r  chargelmass 
s e l e c t i o n ;  m u l t i s t a g e  a p e r t u r e  f o r  
beam d e c e l e r a t i o n ;  d e f l e c t i o n  
RF plasma system w i t h  Faraday cage 
Microwave d i scha rge ,  m u l t i s a m p l e  
RF 02 plasma; samples downstream f rom 
RF plasma w i t h  sample downstream f rom 
F low ing  a f t e r g l o w  
RF plasma asher  
RP plasma asher  
E l e c t r o n  s t i m u l a t e d  d e s o r p t i o n  f rom 
E l e c t r o n  bombardment g r i d l e s s  i o n  
chamber 
plasma g low 
glow; sample i s  UV s h i e l d e d  
mesh 
source 
RF plasma asher  r u n  on a i r  
D i s s o c i a t i o n  and i o n i z a t i o n  i n  tun- 
a b l e  microwave c a v i t y  f o l l o w e d  by 
e l e c t r o s t a t i c  a c c e l e r a t i o n  
E l e c t r o n  bombardment i o n  source w i t h  
e l e c t r o m a g n e t i c  charge/mass se lec -  
t i o n  downstream, then  d e c e l e r a t i o n  
w i t h  charge n e u t r a l i z a t i o n  and 
d e f l e c t i o n  o f  nonneu t ra l  i z e d  i o n s  
I F  plasma asher  
'u lsed l a s e r  induced breakdown f o l -  
lowed by expansion th rough  a n o z z l e  
Test  program 
p a r t i c i p a n t  
John Gregory 
Char1 es Nee1 y 
Bruce Tatarchuk 
Gary P i p p i n  
T .G.  Eck 
Bawa Singh 
Leo Amore 
A ra  C h u t j i a n  
Roger Bourassa 
D ick  Hoffman 
James L l o y d  
O t t o  O r i e n t  
Dav id  B r i n z a  
Ma t t  McCargo 
Jon 6 .  Cross 
Gary W .  
S j o l  ander 
E s t h e r  H. Lan 
C.A. Smith 
L a r r y  L. Fewel l  
Mor ton Golub 
Ted Wydevan 
Narc inda  R .  
Le rne r  
Steven L. Koontz 
Steven L .  Koontz 
Carmen E .  B a t t e n  
R.A.  Outlaw 
Bruce A .  Banks 
Sharon K.  
R u t l  edge 
Bruce A .  Banks 
Sharon K .  
R u t l  edge 
Ranty L i a n g  
Da le  C .  Ferguson 
Ralph C a r r u t h  
Jill Carhor l  
John A .  Woollam 
George Caledoni a 
Rober t  Krech 
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O r g a n i z a t i o n  
P r i n c e t o n  Plasma 
Physics Labora to ry  
Texas, U n i v e r s i t y  o f  
Toronto,  U n i v e r s i t y  o f  
(Aerospace 
I n s t  i t u t e )  
V a n d e r b i l t  U n i v e r s i t y  
NASA Goodard Space 
F1 i g h t  Center  
U n i v e r s i t y  o f  
Southampton 
Boeing Aerospace Co 
L o c a t i o n  
P r i n c e t o n ,  NJ 
A u s t i n ,  TX 
Downsview, 
O n t a r i o ,  Canada 
N a s h v i l l e ,  TN 
Greenbel t ,  MD 
H i g h f  i e l d ,  
S e a t t l e ,  WA 
Southampton, UK 
Faci 1 i t y  d e s c r i  p t i  on 
N e u t r a l i z a t i o n  o f  i o n s  formed i n  
plasma by b iased  p l a t e  
I o n  beam w i t h  charge exchange 
Microwave generated plasma. Noble 
gas c a r r i e r  t r a n s p o r t s  A/O through 
skimmer t o  produce h i g h  f l u x  
d e n s i t y  
I o n  gun. Wein f i l t e r  f o r  charge 
s t a t e  s e l e c t i o n :  d e c e l e r a t i o n  o f  
i o n s  through system o f  g r i d s ;  graz- 
i ng i n c i d e n c e  impact w i  t h  p o l  i shed 
n i c k e l  s u r f a c e  t o  n e u t r a l i z e  i o n s .  
E l e c t r o s t a t i c  d e f l e c t i o n  o f  non- 
n e u t r a l  i zed i o n s  
RF plasma asher  
Thermal a r c  beam f a c i l i t y  
Nega t i ve  i o n i z a t i o n  beam 
~ 
Test program 
p a r t i c i p a n t  
W i l l i a m  Langer 
S . A .  Cohen 
D . M .  Manos 
R . W .  Mo t ley  
Oennis Kohl 
Rod. C .  Tennyson 
Royal A1 b r i  dge 
N. To1 k 
Joe A .  Colony 
Edward L .  
Sanford 
John J .  
Sci a1 done 
John S ta rk  
Ray Rempt 
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TABLE I V .  - COMPARISON OF A T O M I C  OXYGEN TEST PROGRAM MATERIALS, PROPERTIES, AND EROSION Y I E L D S  
FROM IN-SPACE AND GROUND LABORATORY OXYGEN I O N  BEAM T E S T S  
I Mater i a1 I D e n s i t y ,  I Mass l o s s  r a t e  I Eros ion  y i e l d s  
Abso lu te  y i e l d ,  
10-24cm3/atom 
gm/cm2 
R e l a t i v e  t o  
Kapton ” 
p e r  area 
10-8 gm 
( cm2 sec) 
on STS-8a 
Abso lu te  y i e l d ,  
10-24cm3/atom 
R e l a t i v e  t o  
Kapton ” 
Kapton H o r  HN 
Po lye thy lene  
FEP T e f l o n  
P y r o l y t i c  g r a p h i t e  
H i g h l y  o r i e n t e d  
p y r o l y t i c  g r a p h i t e  
23 t o  46 
23 t o  46 
39 t o  77 
5 t o  1 1  






1 . o  
1 . o  


















I I I I 
aAssuming a STS-8 f l u  
bPerformed a t  an oxygen i o n  beam energy o f  41 eV. 
o f  2 . 3 6 ~ 1 0 ~ ~  atoms/(cm2 sec)  over  an exposure d u r a t i o n  o f  
o f  3 . 5 ~ 1 0 ~ ~  atomslcm’, 4 . 4  t o  4.5 eV atoms. 
41.17 h r  t o  produce a f l u e n c e  
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FIGURE 1. - PROCESSES USED FOR SINULATION OF LOU EARTH ORBITAL ATOnIC OXYGEN. 
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FIGURE 2. - ATOnIC OXYGEN TEST F A C I L I T Y  FLUX ENERGY D O M I N S .  
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FIGURE 3. - 20.6 MSS PERCENT MICA PAINT ON GRAPHITE EPOXY AFTER 228 HOURS OF EXPOSURE 
I N  AN ASHER. 
HAVE BEEN REHOVED. 
BOTTWl PORTION SHOWS UNDERLYING GRAPHITE EPOXY SUBSTRATE AFTER HICA F W E S  
FIGURE 4. - UNEXPOSED (TOP) AND PLASMA FXPOSFD 1747 HOURS (BOTTOM) FIBERGLASS-EPOXY, 
ORiClNAL PAGE 1s 





















-*- UNPROTECTED KAPTON - +- UNPROTECTED LONGERON U4 
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FIGURE 5 .  - MASS LOSS VERSUS PLASMA EXPOSURE T I E  FOR UNPROTECTED FIBERGLASS EPOXY. 
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FIGURE 6. - POTENTIAL DIFFERENCE I N  ATOnlC OXYGEN UNDERCUTTING 
BETWEEN RF PLASMA ASHER EXPOSURE (TOP) AND IN-SPACE EXPOSURE 
(BOTTOM). 
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FIGURE 7. - OXYGEN I O N  BEAM FACILITY 
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OFilGINAL PAGE is 
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(A) LOOKING UP TOWARD THE ION SOURCE. 
(B) LOOKING DOWN TOWARD THE SAMPLE HOLDER PLATE. 
FIGURE 10. - PHOTOGRAPHS OF GRIDLESS ION SOURCE I N  RELATION TO THE SAMPLE HOLDER PLATE. 
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DISTANCE FRON BEAM AXIS. crn 
OF 5 A, AND A SOURCE TARGET DISTANCE OF 30 a USING 
OXYGEN. 
FIGURE 12. - CURRENT DENSITY PROFILES AT AN ANODE CURRENT 
FLAT TARGET NORMAL TO BEAM AXIS. 
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OXYGEN GAS FLOW RATE. SCCM 
(B) AS A FUNCTION OF OXYGEN FLOW RATE. 
DISTANCE FROM ANODE. cm 
(C)  AS A FUNCTION OF AXIAL DISTANCE DOWNSTREAM OF THE 
ION SOURCE. 
FIGURE 13. - OXYGEN ION CURRENT DENSITY. 
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0 LERC HIGH ENERGY ION BEAM (IONS) POOR QUALITY 
0 LERC RF PLASMA ASHER (IONS AND NEUTRALS) 
A AEROSPACE CORPORATION ATOMIC OXYGEN BEAM (NEUTRALS) 
0 STS-8 FLIGHT RESULTS (NEUTRALS) 
V LERC BIASED RF PLASMA (IONS AND NEUTRALS) 
0 LERC DIRECTED ATOMIC OXYGEN BEAM (IONS) 
n LERCKWRU LOW ENERGY ION BEAM (IONS) 
ENERGY, e V  
FIGURE 14. - EROSION YIELD DEPENDENCE OF KAPTON POLYIMIDE AS A FUNCTION OF OXYGEN ION OR 
ATOM ENERGY. 
'IGURE 15. - PHOTOGRAPH OF KAPTON HN, POLYETHYLENE, FEP TEFLON, PYROLYTIC GRAPHITE, AND 
HIGHLY ORIENTED PYROLYTIC GRAPHITE BEFORE AND AFTER ION BEAM EXPOSURE TO A FLUENCE OF 
7 x 10l8 TO 1.5 x lo1' ATOMS/cm2. 
27 
FIGURE 16. - KAPTON HN EXPOSED TO AN OXYGEN ION BEAM TO A FLUENCE OF 3 x 1 0 ' ~  ro b x 1015 
ATOMS/crn2 SHOWING CLEAR SPECULAR TRANSMITTANCE ON ARFA OF THE SAMPLE PROTtCTED FROM ION 
BEAM EXPOSURE AND DIFFUSE REFLECTANCE ON AREAS OF THE SAMPLE EXPOSED TO THE ION BEAM. 
ORIGINAL PAGE IS 
OF POOR QUALtTY 
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ORlGfNAL PAGE IS 
OF POOR QUALITY 
(A) KAPTON HN AFTER 3 x 10’’ TO 6 x 10’’ ATOMS/cm2. 
(B) PRYOLYTIC GRAPHITE AFTER 8 x 10’’ TO 1.6 x 10’ ATOMS/cm2. 
FIGURE 17. - SCANNING ELECTRON PHOTOMICROGRAPHS OF THE SURFACE OF MATERIALS EXPOSED TO 
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